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LONG-TERM GOALS 
 
The goal of this project is to understand processes relevant to the generation, propagation and 
dissipation of finite-amplitude internal solitary waves observed in the region from the Luzon Strait to 
the Chinese continental shelf.  
 
OBJECTIVES 
 
With data available from field observations in Non-Linear Internal Wave Initiative (NLIWI), this 
project is to perform simulation of finite-amplitude internal solitary waves under scenarios in the 
northern South China Sea. The objective is to provide information on the characteristics of nonlinear 
internal waves for comparison with data collected from remote sensing, mooring measurements, and 
shipboard observations.  
 
APPROACH  
 
Processes of wave generation, propagation and dissipation are studied by numerical simulation using a 
nonhydrostatic ocean model under different scenarios of bottom topography, stratification, and the 
amplitude of the tidal current. Experiments include wave generation by ridges in the Luzon Strait, 
wave propagation across the deep basin with an upper-ocean thermocline, wave reflection and 
diffraction near the Dongsha Island, wave generation and dissipation on the continental slope, and 
characteristics of higher-mode waves. 
 
WORK COMPLETED 
 
Work is completed in two areas during this year. First, the earlier process study of wave generation and 
propagation by Shaw et al. (2009) has been quantified using energy fluxes and expanded in the 
parameter space. The internal wave energy is successfully expressed in terms of nondimensional 
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parameters. The parametric dependence will be verified in a graduate student’s Ph. D. thesis research. 
In another study, satellite and mooring data collected during 2005 have been used to study the 
variation in the wave propagation speed from Luzon Strait to the continental margin of the northern 
South China Sea. A master thesis is produced (Kim, 2009). 
 
RESULTS 
  
Generation of internal solitary waves in the northern South China Sea is demonstrated as a two-step 
process by Shaw et al. (2009). Internal waves are generated by the barotropic tidal flow over a steep 
ridge in the form of slanting wave beams, as demonstrated in the classical laboratory experiment of 
Mowbray and Rarity (see Gill, 1982, p. 137). When reaching a shallow thermocline, the internal wave 
beams are trapped in a wave guide, producing horizontally-propagating internal tides. If the wave 
amplitude is large, the internal tide intensifies to form internal solitary waves. From the weakly 
nonlinear theory, one important parameter governing the formation of wave beams is the ratio of the 
ridge slope to that of the wave beam. Internal waves are produced when the slope of the ridge is 
steeper than that of the internal wave beam. Using a nonhydrostatic model, Shaw et al. (2009) verified 
that this parameter is critical in the generation of internal solitary waves over a finite ridge in an ocean 
with a depth-varying buoyancy frequency profile similar to that in the Luzon Strait.  
 
A quantitative description of the dependence of internal wave energy on the ridge slope and 
stratification is obtained this year. As in the study of Shaw et al. (2009), the model of Shaw and Chao 
(2006) is used. The simulation adopts a density profile similar to that in the upper ocean of the 
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the bottom depth away from the ridge, h0 = 400 m, and L is the half-width of the ridge.  
 

An interesting result obtained from the simulation is the contrast in internal wave energy over ridges of 
different widths. Figure 1 shows the total internal wave energy generated over a ridge of half-width L = 
15 km at 2, 4 and 6 hours after the slack tide. The tidal current is toward right in the top two panels and 
zero in the bottom panel. Energy propagates away from the ridge in wave beams following the 
development of the barotropic tidal current. Shaw et al. (2009) demonstrated that strong internal wave 
beams are generated over the ridge and evolve into internal solitary waves when this ridge is placed 
200 m below the surface in waters of strong stratification. In Figure 1, the ridge top is below the 
thermocline in waters of much weaker stratification. Nevertheless, the process of internal wave 
generation is qualitatively similar except that the energy is reduced to about 1/3 of the previous value. 
In contrast, the pattern of wave energy over a ridge of half width L = 60 km is qualitatively different 
(Figure 2). Wave energy shows a normal-mode structure over the ridge. The internal wave in this case 
is much weaker. Energy converted to the internal wave is about 10 times less than in Figure 1.  
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Figure 1. Energy of internal waves in J/m3 at a ridge of half width L = 15 km at 2, 4 and 6 hours 
after the slack water. Tidal current is toward right. The contour interval is 2 J/m3. Vectors show 
the baroclinic velocity. A vector of size of the grid box is 0.2 m/s and 0.5 cm/s in the horizontal 

and vertical directions, respectively.  
 

Figure 2. Same as Figure 1 but for ridge half- width L = 60 km. The contour interval is 0.2 J/m3. 
A vector of size of the grid box is 0.05 m/s and 0.5 cm/s in the horizontal and 

 vertical directions, respectively. 
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The wave patterns corresponding to these two scenarios are demonstrated in the perturbation density 
field in Figure 3. In the upper panel, wave beams form over a steep ridge and develop into first-mode 
waves at 80 km away from the origin. Over a ridge of gentle slope in the lower panel, waves of first 
vertical mode develop over the ridge and evolve into mode-one waves. The phase of the wave outside 
the influence of ridge topography is similar in both cases except that the wave amplitude is much 
reduced over a ridge of gentle slope.  

Figure 3. Perturbation density in kg/m3 at 4 hours after the slack water for ridges of half width 
L = 15 km (top panel) and L = 60 km (bottom panel). The contour interval is 0.05 and 0.01 

kg/m3 in the top and bottom panels, respectively. Vectors show the baroclinic velocity with the 
scales for (u,v) in parentheses. 

 
The vertical energy flux associated with the energy field in Figures 1 and 2 is shown in Figures 4 and 
5, respectively. Energy propagates upward from a narrow band over a ridge of steep slope (Figure 4). 
The path is more vertical in deep water and slants toward horizontal in the strongly stratified water 
above 200 m. The wave beam is reflected downward by the surface. Since the ridge is narrow, 
downward flux reaches the deep water beyond ridge topography, the region of strong upward energy 
flux. This process traps the wave beam in the upper-ocean wave guide, resulting in mode-one internal 
waves propagating away from the ridge. In the case of a gentle ridge slope (Figure 5), upward energy 
flux is over a wide horizontal distance, preventing the development of wave beams. Upward energy 
flux dominates below 200 m depth over the ridge, while surface reflection appears as a region of broad 
downward energy flux above 200 m. The mechanisms of wave generation are quite different in these 
two cases. Although similar internal tides appear beyond a ridge, development of wave beams is 
essential in producing strong internal tides. 
 
IMPACT/APPLICATIONS  
 
The ratio of the topographic slope to the slope of the wave beam has been used as an important 
parameter for internal wave generation in an ocean with constant buoyancy frequency (e.g., Garrett and 
Kunze (2007). It is not clear how the ratio should be defined in an ocean with depth-varying 
stratification. In Figure 1, the slope of the wave beam calculated from the buoyancy frequency at the 
depth of the ridge is much greater than the slope of the ridge. Thus it is inappropriate to use the local 
buoyancy frequency at the ridge depth to calculate the slope of the wave beam. The present study 
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shows that the horizontal distance traveled by a wave beam from the ridge top to the sea surface 
relative to the ridge width is a better measure of the effectiveness in energy conversion from the 
barotropic tide to internal waves. A nondimensional equation has been developed to estimate the 
energy conversion rate using the ratio of the maximum topographic slope to the mean slope of the 
wave beam in the water column above the ridge. This relation is being tested over a wide range of 
parameters using the data from the nonhydrostatic simulation. 
 
RELATED PROJECTS 
 
We have collaborated with Dong Shan Ko to develop oceanic applications from the ideas obtained 
from numerical study. Data from real-time simulation at NRL (Ko et al., 2008) are being used to 
predict the energy flux using stratification, topography and the strength of the tidal current. Dr. Ko is 
also working on transition of internal wave prediction capabilities to operational use; P.-T. Shaw 
serves as a member of the panel for validation and test of that study.   
 
 

Figure 4. Internal wave beams in the plots of the vertical energy flux (W/m) for a ridge of half 
width L = 15 km. The contour interval is 0.02 W/m. Vectors show energy flux; a vector between 

two consecutive grid points represents 10 and 0.1 W/m in the horizontal 
 and vertical directions, respectively. 
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Figure 5. No internal wave beam develops in the plots of the vertical component of energy flux 
(W/m) for a ridge of half width L = 60 km. The contour interval is 0.002 W/m. Vectors show 
energy flux; a vector between two consecutive grid points represents 1 and 0.05 W/m in the 

horizontal and vertical directions, respectively. 
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